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Summary
The bacterial flagellar filament is a helical propeller
for bacterial locomotion. It is a well-ordered helical
assembly of a single protein, flagellin, and its tubular
structure is formed by 11 protofilaments, each in either
of the two distinct conformations, L- and R-type, for
supercoiling. We have been studying the three-
dimensional structures of the flagellar filaments by
electron cryomicroscopy and recently obtained a
density map of the R-type filament up to 4 Å resolu-
tion from an image data set containing only about
41,000 molecular images. The density map showed
the features of the -helical backbone and some large
side chains, which allowed us to build the complete
atomic model as one of the first atomic models of
macromolecules obtained solely by electron micro-
scopy image analysis (Yonekura et al., 2003a). We
briefly review the structure and the structure analy-
sis, and point out essential techniques that have
made this analysis possible.
Introduction
Many bacteria swim by rotating helical flagellar fila-
ments, which grow up to w15 m. The flagellar motor
at the base of the flagellum drives the rotation of this
helical propeller (Berg and Anderson, 1973; Silverman
and Simon, 1974) at hundreds of revolutions per se-
cond (Kudo et al., 1990; Ryu et al., 2000). In Escherichia
coli and Salmonella, proton flow through the cyto-
plasmic membrane is utilized for the torque generation
by the motor. For chemotaxis and thermotaxis, the
swimming pattern of bacteria alternates between “run”
and “tumble”; a run lasts for a few seconds and a tum-*Correspondence: koji@msg.ucsf.edu (K.Y.); keiichi@fbs.osaka-u.
ac.jp (K.N.)
4Lab address: http://www.fbs.osaka-u.ac.jp/en/seminar/09a.htmlble for a fraction of a second. During a run, the motor
rotates counterclockwise (as it is viewed from outside
the cell), and several flagellar filaments with a left-
handed helical shape form a bundle and propel the cell.
A tumble is caused by quick reversal of the motor to
clockwise rotation (Larsen et al., 1974), which produces
a twisting force that transforms the left-handed helical
form of the filament into a right-handed one (Macnab
and Ornston, 1977; Turner et al., 2000), causing the
bundle to fall apart rapidly. The separated filaments act
in an uncoordinated way to generate forces that change
the orientation of the cell. This leads to tactic behaviors
of the cells, moving toward favorable or away from un-
favorable conditions. Thus, the structure of the flagellar
filament and its dynamic properties play an essential
role in bacterial taxis.
The flagellar filament is a helical assembly of a single
protein, flagellin, with roughly 11 subunits per two turns
of the 1-start helix; the filament can also be described
as a tubular structure comprising 11 protofilaments,
which are nearly longitudinal helical arrays of subunits
(O’Brien and Bennett, 1972). Left- and right-handed he-
lical forms are produced by supercoiling caused by a
mixture of two distinct protofilament conformations,
L- and R-type (Asakura, 1970; Calladine, 1975, 1976,
1978). When all of the 11 protofilaments are the same
type, two types of straight filaments with distinct helical
symmetries are formed: the L-type, with the longitudi-
nal 11-start helix left-handed, and the R-type, with the
11-start helix right-handed and the inclination angle
about twice as large as that of the L-type.
Flagellin isolated from the SJW1103 strain of Salmo-
nella typhimurium consists of 494 amino acid residues.
The R-type straight filament reconstituted from flagellin
with a point mutation of Ala 449 to Val (Hyman and
Trachtenberg, 1991; Kanto et al., 1991) is a suitable
sample for electron cryomicroscopy and helical image
reconstruction. We have recently solved the three-
dimensional structure of the R-type flagellar filament at
w4 Å resolution and built its complete atomic model by
electron microscopy (EM) and helical image analysis by
averaging a relatively small number of filament images
corresponding to only 41,000 molecular images (Yone-
kura et al., 2003a). We describe here the essential
points of techniques that we put into data collection
and image analysis to solve the high-resolution structure.
Results and Discussion
Density Map and Atomic Model
Figure 1A shows the density map of a single flagellin
molecule viewed perpendicular to the filament axis. The
overall shape of flagellin looks like a Greek letter “Γ”
with a vertical dimension of w140 Å and a horizontal
dimension ofw110 Å. Flagellin consists of four linearly
connected domains labeled D0, D1, D2, and D3, which
are arranged from inside to outside of the filament. The
N-terminal chain starts from D0, going through D1, D2,
and reaches D3, and then comes back through D2 and
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408Figure 1. Density Maps of the Flagellar Fila-
ment with the Atomic Model of Full-Length
Flagellin Superimposed
(A) The whole molecule: domains D0, D1, D2,
and D3 and the spoke region are labeled D0,
D1, D2, D3, and S, respectively. (B) Magni-
fied view of the terminal chains in domain D0
in stereo. The magnified area is indicated by
an orange box in (A). The atomic model of a
subunit at the center is drawn in stick form
and atoms are color coded as follows: car-
bon, yellow; nitrogen, blue; oxygen, red. The
other subunits surrounding it are drawn in
thin wire form and colored pink. Contour
levels of the maps are w2s. Reproduced
from Yonekura et al. (2003a). The PDB code
of the atomic model is 1UCU.D1, and the C-terminal chain ends in D0. While all three m
ddomain connections are formed by pairs of short anti-
parallel chains, the one that connects domains D0 and f
D1 is significantly longer than the other two, and there- m
fore it is called the “spoke” region. Most of the outer a
domain densities are nicely fitted by the previously α
solved crystal structure of a core fragment of flagellin i
called F41 (Samatey et al., 2001), which lacks the ter- a
minalw100 residues and cannot form the filament. The s
density map demonstrates that α helices and β sheets f
are clearly resolved throughout the molecule, although s
individual strands of β sheets in domains D2 and D3 o
are rather difficult to identify without superimposing the
atomic model of F41. Especially in the filament core u
domains D0 and D1, the map revealed the path of the a
α-helical backbone and even some large side chains w
(Figure 1B). Figure 2 shows the density map corre- S
sponding to the upper two thirds of domain D1 viewed s
from inside the filament, where the structure shows a
very little change from the crystal structure of F41. a
Agreement between the map and the atomic model in- w
dicates the high quality of the EM density map. It is (
worth noting that this is among the first cases in which C
an atomic model has been built based on a density map w
obtained solely by EM image analysis without any use t
of diffraction data. a
l
cAtomic Model Building and Refinement
The high quality of the density map allowed atomic s
bmodel building of full-length flagellin. At first, the atomicodel of the F41 fragment (Samatey et al., 2001) was
ocked into the density map as a rigid body, but we
ound that small modifications were necessary. We
oved and reoriented domain D3 to fit into the map
nd also modified the conformation of the two ends of
helices in the terminal regions of F41, which are both
n domain D1, extended these α helices further down,
nd then traced the missing terminal chains in the
poke region and domain D0 with large side chains as
iducial. The positions and orientations of densities as-
igned to several large side chains allowed unambigu-
us model building of the terminal chains.
The model was refined using both positional and sim-
lated annealing refinements (Brünger et al., 1987) by
molecular dynamics refinement program, FEX-PLOR,
hich we developed based on FX-PLOR (Wang and
tubbs, 1993) for EM image analysis of the helical as-
embly. In electron cryomicrographs, the phase data
re more reliable than the amplitude data, because the
mplitudes are inevitably modulated and decayed to-
ard high resolution by the contrast transfer function
CTF) of EM while the phases are only flipped by the
TF. Therefore, the amplitude-weighted phase residual
as implemented in FEX-PLOR as an effective poten-
ial energy. Figure 3 shows a side view of the complete
tomic model of the flagellar filament made of full-
ength flagellin. As shown in this side view, α-helical
oiled coils in domains D0 and D1 stabilize the filament
tructure by making intimate intersubunit interactions,
oth axially and laterally. The structure has also re-
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409Figure 2. Stereo Image of the Middle and Up-
per Parts of Domain D1
The image is viewed from inside the filament.
The structure of this portion showed very lit-
tle change from the crystal structure of F41,
and therefore was an appropriate place to
check the quality of the density map. The
atomic model of a subunit is superimposed
and atoms are color coded as follows: car-
bon, yellow; nitrogen, blue; oxygen, red.
Contour level of the map is w2s. Repro-
duced from Yonekura et al. (2003a).ble specimen stage of the electron microscope (Fuji-of molecular images (w41,000) is sufficient to produce
Figure 3. Ribbon Diagram of the Cα Back-
bone of the Filament Model in Stereo View
Three of the 11 protofilaments are removed
in the front side for the top half and in the
back side for the bottom half. Top and bot-
tom of this side view image correspond to
the distal and proximal ends of the filament,
respectively.vealed insights into molecular interactions involved in
the polymorphic supercoiling mechanism of the fila-
ment, the transport mechanism of flagellin, and so on.
Details are described in Yonekura et al. (2003a).
Essential Points for High-Resolution Image Analysis
We have demonstrated that a relatively small numbera high-resolution map. For single-particle image analy-
sis, it is generally believed that a number of images
from a few tens of thousands to hundreds of thousands
is required to obtain density maps at 10–7 Å resolution.
The reason why such a small number of images allowed
us to obtain a high-resolution map can be considered
as follows. First, a liquid helium-cooled and highly sta-
Structure
410yoshi, 1998) produced high-quality images with suffi- t
cient reduction of radiation damage in high-resolution o
structural information. Second, the structural order and a
helical symmetry of the flagellar filament is high enough I
to give rise to high-resolution structural data, as dem- c
onstrated by X-ray fiber diffraction patterns showing D
sharp layer line reflections beyond 3 Å resolution (Ya- f
mashita et al., 1998). Also, the helical symmetry makes
initial screening of good images easy, because the Fou- a
rier transforms of good images show sharp layer lines r
arranged symmetrically across the meridian. In single- a
particle image analysis, it is generally difficult to select j
out only good images. As a result, incorporation of bad t
ones would make the quality and resolution of the final t
map significantly worse than that a limited number of a
good images should give. For the image analysis of the t
R-type straight flagellar filament, we selected w100 t
good filament images recorded in w60 micrographs, m
which are among w1,000 micrographs we collected. g
We never used images with poor diffraction (S.M.-Y. et m
al., unpublished data). p
Third, many new techniques in the helical image re- g
construction method, which were implemented in many u
of newly developed programs and algorithms, allowed m
accurate image alignment within individual filament s
images as well as between them. It is very important to b
accurately determine the box parameters that define h
the image area to be analyzed, the position and orienta- (
tion of the filament axis including the out-of-plane tilt, 2
and the repeat distance to extract the highest possible b
signals from individual images. Well-designed GUI pro- m
grams were useful for this purpose (Yonekura et al.,
2003b). Furthermore, three-dimensional distortion cor- N
rection and solvent flattening carried out on individual W
filament images were highly effective in improving the b
image quality and alignment accuracy. Figure 4 shows
w
density maps at each step of the image analysis. Three-
e
dimensional distortion correction was carried out by di-
d
viding a filament image into several segments and fit-
nting them in the reciprocal space to a reference image,
pas described by Beroukhim and Unwin (1997) but with
isome modifications (K.Y. and C. Toyoshima, unpub-
alished data). The winding path of α-helical backbones
tbecomes visible more clearly with distortion correction
ras shown in Figure 4B. Solvent flattening used here has
ba different purpose than the standard protocol used
lcommonly in X-ray crystallography, which is designed
oto improve phase data. We used solvent flattening to
eincrease the image alignment accuracy by removing
mthe noise in the solvent region and that convoluted from
rthe solvent region into the filament image due to the
sCTF (Yonekura and Toyoshima, 2000). A mask loosely
menclosing the structure was first made from an initial
rmap at lower resolution, and then this mask was ap-
iplied to density maps calculated from individual data
isets to flatten the density outside of the mask. This “in-
ndividual solvent flattening” appears to be very powerful
lin improving map quality and increasing the resolution
αthat can be obtained with a given number of images,
bas discussed by Yonekura and Toyoshima (2000) and
mas shown in Figure 4C. The winding path of α-helical
tbackbones is much clearer and more side chain densi-
oties are visible in Figure 4C.
Finally, the amplitudes of the EM data were scaled to fhe structure factors calculated from the model, based
n their radial amplitude profile obtained by spherically
veraging the amplitudes within each resolution shell.
t effectively increased the visibility of densities espe-
ially in the outer part of the filament (domains D2 and
3) and those of side chains in the inner core of the
ilament (domains D1 and D0) as shown in Figure 4D.
By incorporating all these techniques into image
nalysis, we were able to obtain a density map at a
esolution of 4.0 Å in the direction of the filament axis
nd 5.0 Å in the direction perpendicular to it, with ob-
ectively meaningful structure factors as indicated by
he figures of merit (Yonekura et al., 2003a). This aniso-
ropic resolution is probably due to the structure with
n axial repeat, which tends to give higher signals in
he Fourier transform along the filament axis because
he axial structural order is better preserved against
echanical perturbations. In X-ray crystallography, it is
enerally difficult to build atomic models from density
aps at this resolution range because the level of
hase errors is higher than that of EM. EM data can
ive relatively reliable phase information, which allowed
s to build the atomic model at this resolution. Atomic
odels have been built at similar resolution in the
tructure analyses of the two-dimensional crystals of
acteriorhodopsin (Henderson et al., 1990), plant light-
arvesting complex (Kühlbrandt et al., 1994), tubulin
Nogales et al., 1998), and aquaporin-1 (Murata et al.,
000) by electron cryomicroscopy and image analysis,
ut all this work used electron diffraction as well for
ore reliable amplitude data.
umber of Images to Achieve High Resolution
e were able to obtain the high-resolution density map
y averaging approximately 41,000 molecular images,
hich is a far smaller number than has been empirically
xpected for this resolution. A similar result has been
escribed in a recent report that an average of only
ine particle images of an icosahedral molecular com-
lex (equivalent to an average of 9 × 60 = 540 molecular
mages) could visualize α-helical features (Borgnia et
l., 2004). This is another good example demonstrating
hat a relatively small number of images can give higher
esolution structural information than those that have
een expected. One might wonder how many molecu-
ar images have to be averaged to obtain a density map
f a quality similar to that of the flagellar filament. We
xamined how the quality of density map increases as
ore images are added in the three-dimensional image
econstruction. Figure 5 shows density maps recon-
tructed from w5,000, w10,000, w20,000, and w40,000
olecular images, respectively. The image data were
andomly selected from the whole data sets included
n the final map (Figures 1 and 2). The high noise level
n Figure 5A is reduced in Figure 5B, but is still promi-
ent. The features of α-helical backbones are more or
ess discernible in Figure 5C, but the winding path of
-helical backbone and large side chain densities
ecomes clear only in Figure 5D. Thus, at least approxi-
ately 40,000 molecular images are necessary to ob-
ain a density map to build the atomic model for a well-
rdered helical structure such as the bacterial flagellar
ilament.
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411Figure 4. Density Maps of Domain D0 at Various Steps of Image Analysis
(A) Reconstruction at the initial stage; (B) with distortion correction on (A); (C) with solvent flattening on (B); and (D) with scaling correction
on (C). The density maps were all obtained from 41,469 molecular images including data up to a resolution of 4.0 Å along the filament axis,
and are displayed for the center portion of Figure 1B and viewed in the same direction. The atomic models are superimposed as in Figure
1B. See Movie 1 for animation in stereo view.fect the structures, just as seen in this work, and there-three-dimensional atomic arrangements of macromole-
Figure 5. Density Maps of Domain D0 Obtained from a Different Number of Molecular Images
(A) Average of 5,197 images; (B) average of 10,203 images; (C) average of 20,368 images; and (D) average of all 41,469 images. Molecular
images in each partial set are those randomly selected from the whole. All density maps were obtained from data up to a resolution of 4.0 Å
along the filament axis with distortion correction, solvent flattening, and density scaling to the atomic model and are displayed for the center
portion of Figure 1B and viewed in the same direction. The atomic models are superimposed as in Figure 1B. See Movie 2 for animation in
stereo view.Conclusion
It is a kind of dream for us working in the field of biolog-
ical and medical sciences to be able to look at thecules and molecular assemblies without making crys-
tals. It is not only because many of them are hard to
crystallize but also because crystal packing would af-
Structure
412(fore limit the functional states that we can visualize.
cNMR spectroscopy, which permits structure analysis in
Msolution, still has a limitation in the molecular mass of
tmacromolecules to be analyzed, the upper limit being
a
a few tens of kDa. Electron cryomicroscopy is a poten- 1
tially powerful method in this regard because it can be M
applied to various forms of samples, such as two-dimen- E
sional crystals, helical assemblies, spherical assem- w
blies, and even single molecules, although attainable N
αresolution still depends on the system. The work by Yo-
nekura et al. (2003a) suggests that even single-particle O
fimage analysis at near atomic resolution may not be
Rjust a dream any more, provided that highly accurate
uimage alignment becomes possible.
r
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